Abstract: Water quality indices (WQI) were introduced with the aim of reducing great amount of parameters into a simpler expression and enabling easy interpretation of monitoring data. In this study, an attempt has been made to devise a methodology to integrate the WQI with geographic information system (GIS) for an effective interpretation of the quality status of the river. River Yamuna in Delhi has been taken as a case study and the physical and chemical analysis has been interpreted using WQI. Final elucidation of the water quality has been done on a map using GIS. Water samples were collected from Yamuna River from Wazirabad barrage to ITO barrage and were analysed for physiochemical parameters. Based on the results of the analyses, spatial distribution maps of selected water quality parameters were prepared using ArcInfo software. The overall index of pollution (OIP) based on the individual index values was estimated giving the values in terms of pollution indices.
Introduction
Rivers supply valuable drinking water to humans, irrigation water to farmlands and provide habitat to many aquatic plants and living organisms. Rapid industrialisation and consequent urbanisation has led to several problems of water quality management of rivers. For complete understanding of water quality issues, it is important to translate it to a language understandable to policy makers (Nikbakht, 2004) . The purpose of overall index of pollution (OIP) is to integrate complex data and generate a score that describes water quality status and evaluates water quality trends (Khan et al., 2003; Abbasi, 2002) . Although some information is lost while integrating multiple water quality variables, this loss is outweighed by the gain in understanding of water quality issues by the public and policy makers (Debels et al., 2005; Kannel et al., 2007) . This study concentrates on determination and assessment of water quality of river Yamuna in Delhi region using OIP index and finally depicting it using geographical information system (GIS).
The index method was initially proposed by Horton in 1965 . Since then the use of indices is strongly recommended by agencies responsible for water supply. WQI were introduced to generate a single value for the water quality of a source. Numerous water quality indices have been formulated all over the world like National sanitation foundation -WQI (Brown et al., 1970) , Oregon WQI (Cude, 2001) , British Columbia WQI (BCMOELP, 1995) , Canadian Council of Minister of the Environment -WQI (CCME, 2001) to assess the water quality. In groundwater, studies have been carried out to assess irrigation water quality (Nagels et al., 2001; Melloul and Collin, 1998) or spatial distribution of various chemical indices like pH, electrical conductivity, total dissolved solids etc using indices and GIS (Rokbani et al., 2011) .
However, the literature available for surface water mainly deals with either the case study of river using a WQI (Bordalo et al., 2006) or comparison of various WQI for a single source (Akkoyunlu et al., 2012) . Surface water specific GIS tools like PNPI (Index of Potential Non-point pollution) do find a mention (Cecchi et al., 2007 , Munnafo et al., 2005 , but an integrated approach of WQI with GIS has rarely been reported. This paper intends to fill this gap in surface water studies by uniting the two approaches.
The River Yamuna originates from the Yamnotri glacier in the Lower Himalaya at an elevation of about 6,380 m above sea level and travels a length of 1,376 km through a number of historical, religious and large cities (Rengarajan and Sarin, 2004) . The river passes through Delhi, where it receives large volumes of domestic and industrial effluents during its course, especially between Wazirabad and Okhla (Paliwal et al., 2006) . At Delhi, heavy discharges of untreated domestic sewage and non-availability of dilution, has degraded the quality in the downstream stretch of the river (Goel et al., 2008) . The main objective of this study is to assess the pollution status of river water quality through analysis of some selected water quality parameters and interpreting the water quality using index mapping.
Monitoring area and methods

Study site and sampling
The present study covers a 12 km stretch of Yamuna river starting 2 km upstream of Wazirabad barrage and extending to the ITO bridge. Twenty nine samples were collected during non-monsoon season from the mid stream of the river at depth of 0.5 meters (Figure 1 ). Grab sampling procedure was adopted for the analysis of various water quality parameters as recommended by standard methods of analysis (APHA, 1999) . One litre polyethylene bottles were used for collection of samples. Prior to sample collection, all bottles were washed with dilute acid followed by distilled water and were dried in an oven. At each sampling location, water samples were collected in duplicate. Before taking water samples, the bottles were rinsed three times with the water to be collected. Water samples for DO and BOD determination were collected in BOD bottles (non-reactive borosilicate glass bottles of 300 ml capacity). Analysis of water samples was conducted immediately after collection to avoid unpredictable changes in water sample. As the samples have to be processed within 1 hour of collection, samples were brought in iced insulated container.
Water quality parameters measured in this study included temperature, pH, dissolved oxygen (DO), total suspended solids (TSS), total dissolved solids (TDS), turbidity, total hardness as CaCO 3 , biochemical oxygen demand (BOD) and chemical oxygen demand (COD). The heavy metal concentration was determined by digesting the water samples with concentrated HNO 3 and then analysing by atomic absorption spectrophotometer (AAS), Perkin Elmer Model A Analyst 700. The temperature of water samples was measured in the field using a mercury filled centigrade thermometer. For the analysis of metals, ASTM procedure (ASTM, 2000) was used wherein 100 ml of sample was digested with 2%HNO 3 followed by dilution with distilled water. The heavy metal concentration was determined by AAS, Perkin Elmer Model A Analyst 700. Table 1 shows the methods used for the analysis of various parameters. 
GIS integration
For a better understanding and interpretation of the analysed results, the concentrations of various parameters at various locations were integrated with GIS. Data products required for the generation of database included toposheet obtained from Survey of India (SOI) on 1:50,000 scale. The study area was delineated from the IRS LISS IV satellite imagery of 2008. Thematic maps like base map were prepared from SOI toposheets and updated using satellite imagery on 1:50,000 scale to obtain the baseline data. The spatial and attribute database generated from analysis of samples was integrated for the preparation of spatial distribution maps of water quality parameters such as BOD and DO. The water quality data was linked to the sampling locations in ArcInfo 10 GIS software. Finally maps showing spatial distribution were prepared to easily identify the variation in concentrations of the different parameters in the surface water of study area.
Estimating the OIP
The OIP was introduced and developed by Sargaonkar and Deshpande (2003) at National Environmental Engineering Research Institute (NEERI) in order to assess the status of surface waters, specifically under Indian conditions. General classification scheme has been formulated based on a concept similar to the one proposed by Prati et al. (1971) giving due consideration to the classification scheme developed by Central Pollution Control Board (CPCB) (Abbasi and Sarkar, 2006) . The scheme reflects the status of water quality in terms of pollution effects of parameters under consideration. Five classes namely C 1 as excellent (pristine), C 2 as acceptable (requires disinfection), C 3 as slightly polluted (requires filtration and disinfection), C 4 as polluted (requires special treatment and disinfection) and C 5 as heavily polluted (cannot be used) have been considered. The concentration levels of the parameters were classified into these classes or categories on the basis of the well-established standards employed by CPCB. The proposed classifications along with ranges of concentrations of these parameters are given in Table 2 . Different water quality parameters are measured in different units of measurement. Hence, it is necessary to bring them into the commensurate unit so that the integrated index can be obtained and used for decision making. For this purpose, an integer value is assigned to each of the classes C 1 , C 2 , C 3 , C 4 and C 5 , in geometric progression, i.e., 1, 2, 4, 8 and 16 respectively, where, the number termed as class index indicates the level of pollution in numeric terms. This forms the basis for comparison of water quality from excellent to heavily polluted. Mathematical expressions are fitted for each of the parameter concentration levels to obtain this numerical value called an index (P i ) indicating the level of pollution for that parameter. These mathematical equations are given in Table 3 . For any particular concentration, the corresponding index can be read directly from these curves. Thus, for example, a pH value of 7 shall have the P i value of 1 and turbidity of 500 NTU, a P i value of 16 ( Figure 6 ). The index value up to 1 indicates excellent water quality, between 1 and 2 indicates acceptable, between 2 and 4 indicates slightly polluted, between 4 and 8 indicates polluted and between 8 and 16 indicates heavily polluted water. In literature, though indexes have been generated for metals (Singh et al., 2008 ) and heavy metals (Prasad and Jaiprakash, 1999; Prasad and Bose, 2001) , their usability has been restricted to localized area. Since the metal concentration is low and variable in nature, their index values (P i ) have not been suggested. Slight fluctuations in values of metals bring in error in index calculation. Thus in this study, metal and heavy metal analysis has been done to ensure that their concentration levels are within the prescribed limits. This analysis also aids in comprehending the total water quality.
OIP is estimated as the average of all the pollution indices (P i ) for individual water quality parameter considered in this study and is given by the mathematical expression:
where P i = pollution index for i th parameter. i = 1, 2 … n and n = number of parameters. The OIP is simple to estimate and flexible to the addition or deletion of parameters. However, comparative assessments of water quality at different places or at different times can be made only when the parameters included in the OIP are the same, and accordingly recommendations may be made regarding the specific use of water. Table 3 Mathematical equations for value function curves 
Results and discussion
The result for the various physicochemical parameters and heavy metals along various sampling site of Yamuna River has been depicted in Table 4 . The first parameter was of temperature which is imperative to determine as its change affects DO, the rate of photosynthesis and metabolic rates of aquatic life. The temperature range of Yamuna River water samples was found between 20°C and 24°C. The change in water temperature could be attributed to runoff from streets, waste discharge and process waste water.
The pH values of river water were recorded as minimum of 7.1 at ISBT bridge and maximum of 8.9 at Sonia Vihar and Wazirabad Water treatment plant (Figure 2) . Turbidity values of water samples varied from 1 to 42 NTU. Before Wazirabad barrage, the turbidity value was less than 10, while beyond it was higher than the permissible limit (10 NTU), rendering it unsuitable for drinking. Highest concentration (42 NTU) was observed at Najafgarh drain. Higher values of TDS were also observed which could be attributed mainly to the presence of silt and clay particles in the river water. The minimum value was 90 mg/l at Sant Nagar extension and maximum value was 980 mg/l at Najafgarh drain. The maximum value 72 mg/l of TSS was at ITO up-stream and minimum value 1 mg/l at Wazirabad WTP. The maximum COD concentration was observed at Najafgarh drain (180 mg/L) and minimum at Sonia Vihar water treatment plant (10mg/l) (Figure 3 ). 
COD values
DO values along this particular stretch lies in between 0 to 7.7 mg/l. The depletion of oxygen could be attributed to excessive presence of organic matter, which disturbed the river ecosystem to a large extent. The minimum value of BOD was observed as 1 mg/l at Sonia Vihar and maximum value was 60 mg/l at Najafgarh drain. Since the Najafgarh drain carries large quantity of raw sewage, it has degraded the Yamuna water quality the most. Figure 4 spatially depicts the DO and BOD data of various sampling points. Trace elements analysed in all the surface water samples indicate that many of the trace elements are also not within prescribed limit by Bureau of Indian Standards (1991) . A plot of the analytical results ( Figure 5 ) shows that iron varies from 0.012 to 1.203 mg/l. Chromium varies from 0.001 to 0.504 mg/l with the source being water from septic system and industrial discharge. Nickel concentrations varied from 0.004 to 0.173 mg/l, while the maximum discharge limit into inland surface water is 3.0 mg/l. Concentration of cadmium was within the limits of BIS for all the samples except Najafgarh drain. Copper concentration varied from 0.001 to 0.174 mg/l, the maximum value being at Najafgarh drain. The concentration of lead varied between 0.001 to 0.507 mg/l, while the permitted level is 0.05 mg/l. 
Overall index of pollution
The proposed scheme of water quality classification was adopted for the above sampling stations and indicated in terms of OIP to assess the water quality status. Important indicator parameters of water quality considered in the present study were pH, turbidity, hardness, TDS, BOD and DO. Pollution indices for each of the water quality parameter measured at these stations were estimated using value function curves for each parameter or using the mathematical expression for that curve. The OIP was calculated by taking the average of all the pollution indices for individual water quality parameters (Figure 6 ). Figure 7 depicts the estimated OIP at these stations and the overall water quality of Yamuna River between Wazirabad barrage and ITO bridge. At sampling stations 1, 2 and 3 (Sant Nagar extension, Sonia Vihar and Wazirabad WTP) water quality status was always slightly polluted and at sampling station 4 (Sonia Vihar WTP) there was improvement in water quality from slightly polluted to acceptable. The improvement in quality of water could be attributed to two water treatment plants located upstream of this sampling point. At Najafgarh drain, water quality status was indicated as heavily polluted. At locations downstream Najafgarh drain water quality status was designated as polluted and heavily polluted. It could be explained by the fact that various drains join Yamuna River upstream of this sampling point. Thus, based on the estimated values of OIP, the sampling stations where pollution control measures are required can be identified. The OIP data of various sampling points has been pictorially represented using GIS. The figure can be directly used to analyse and compare water quality conditions improving the comprehension of the current status. Details about the specific parameters responsible for pollution can be obtained by referring to the concentration ranges, and further the level of treatment required to make the water suitable for specific use can be decided. 
Conclusions
The proposed OIP clubbed with GIS can be directly used to analyse and compare conditions across river basins and to detect trends over time. It is also useful for indicating impairment of water quality and the progress of water quality management practices. Thus, we recommend usage of OIP for improving comprehension of general water quality issues, communicating water quality status and illustrating the need for protective practices.
